INTRODUCTION
At present time, the behavior of shape memory alloys (SMA) becomes more and more known. Indeed, many researchers are now interested in understanding how a SMA sample responds when it is submitted to a thermomechanical loading, in one or multidimensional situations. Thus, a great number of models describing the thermomechanical behavior of SMA are available in order to help the designer of structural parts including shape memory elements. Many of these models are written in one dimensional loading case [l] , [2] , [3] . Indeed, due to the lack of experimental data related to multidimensional loadings, it is difficult to guess the internal tensorial variable adequate to predict the multidimensional behavior. Nevertheless, recently, Raniecki and Lexcellent [4] have proposed a tensorial formulation associated to phase transition that characterized SMA. The three-dimensional model has been validated for proportional loadings by Rogueda [5] using tensile-torsion experiments on thin tubes of CuZnAl SMA. This relatively deep knowledge about SMA constitutive behavior remains, at present time, not really used by engineers and the applications of SMA are still not well developed. A reason for this is that the material models simulating the behavior of SMA are not able to predict the behavior of a complex SMA structural component. In order to help the designers of shape memory devices, it is necessary that such a material behavior can be used in finite element codes for modelling their responses to complex thermomechanical loadings. The calculations made on shape memory structural components are made either by a simple method such as strength of materials, or by implementation of the constitutive equations in a finite element code. Calculations performed by simplified methods are limited to some given geometrical structures submitted to simple mechanical loadings (bending of beams, tensile springs) [6] . Finite element calculations including SMA behavior are still in the initial state of their development. As example, Brinson and Lammering [7] used constitutive relations developed by Brinson [8] based on one-dimensional Tanaka's [2] model, but the applications are limited to one-dimensional loading cases. Rio and al. [g] have developed a three-dimensional finite element model of the elastoplastic deformation of shape memory alloys in order to perform modelling of the mechanical behavior of TiNi alloys. The formulation of this model is defined in the non linear geometrical case including large strains. The constitutive behavior is written using an elastohysteresis tensorial scheme, based on the two fundamental stress contributions of hyperelastic and pure hysteresis types. Rio and al. focussed on the simulation of different cases of plate bending of TiNi specimens under several boundary conditions. Their results give a first approach for modelling the thermomechanical behavior of structural components made of shape memory alloys. Raniecki and Lexcellent [4] have developed a multi-dimensional pseudoelastic model of SMA (the R, "Reference with Loop" model) based on a slightly different approach. This model will be shortly described in the first part of this paper. The second section describes the implementation of the model in a finite element code. As the RL model is similar in the form with standard elastic-plastic models, the prediction-correction method has been developed for the implementation of the RL model in the displacement based finite element method, the prediction phase consisting in evaluating a trial elastic stress, correction in taking into account irreversible strain due to phase transition. In the third section, some examples of validation of the implementation will be presented.
CONSTITUTIVE BEHAVIOR OF SMA
The RL model describing the pseudoelastic behavior of SMA is written in the frame of thermodynamics of irreversible processes. As the paper focusses on the mechanical aspects of this model we assume no heat exchange, i.e. constant temperature in the sample.
Our purpose here is not to present in details the possibilities of such a model, so one can refer to [4] for more details.
The model is written for three-dimensional states considering small deformation assumptions.
Let be E , ce, E~' the total, elastic, phase transformation strain tensors, respectively. One has 
dev.
with _K = 2y----YT (3 _K is the traceless strain tensor associated with the formation of the martensitic phase, D the Cauchy stress tensor, d e v g the deviatoric part of D, 5 (resp.E) the Von Mises equivalent stress (resp. strain), z is the martensitic volume fraction and y the maximum transformation strain measured on a tensile test.
The constitutive equation (3) has been improved by Rogueda [5] for some traction-torsion proportional loadings. The constitutive equations of the material are very simple as they write
Here _C" is the fourth order elasticity tensor, which is assumed to be constant.
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One needs now some kinetic equations for the internal variable z. Let us define .n the thermodvnamical force associated with z.
Here, is the Helmholtz free energy.
IT: (T) = AU* -TAS* sit (T) = G -T~
As in "plasticity" the phase change corresponds to the condition (a = 1: austenite=>martensite, a= 2 : martensite=>austenite).
*(a)
We choose
I alAl = a2A2 = 2< In order to write the relations of incremental kinetics, let us define and where p is the shear modulus of austenite and martensite (they are assumed to be equal).
The evolution equations for z are 0 otherwise
The k(a) (z) functions are chosen in reference to kinetic expressions given by metallurgists (Koistinen and Marburger [ l l] ).
All the ingredients of the model have now been given and the combination of equations (3), (4) and system (12) is sufficient to completely describe the isothermal pseudoelastic SMA behavior. Hi2)
The first problem to solve is to choose one "open" code for the implementation. Indeed, we want to access to any part of the code, in order to control and check all the process. The finite element code POLYFORM 1.0 [l21 combines two advantages : it is an open code and is developed in our laboratory.
Weak form of the equilibrium equations and discretization
The problem one has to solve is the following. Let us consider a given domain (Q) submitted to a surface density load t imposed on the part T, of the boundary T, and to a volumic density load i. Its displacement is imposed on the part Tu (Tu U T, = F, T, n T, = 0) of the boundary. One has to derive the displacement field u(x) corresponding to this loading. The general equilibrium equations and the boundary conditions are Here 6 is the external normal to the boundary of the domain under consideration. Let u(xo) be the displacement of a material point with position xg. The solution u(xo) is given as the displacement field that minimize the total potential energy defined as :
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Let be the homogeneous field associated to a kinematicaly admissible field ( q = 0 on T,, ).
Minimizing the potential energy gives the equation
One solves equation (15) by using a Newton's method, which allows to get the displacement increment AU' = ui+ ' -ui from the following equation (i is the iteration number)
. .
where K: is the global stiffness matrix, fat the external nodal load vector and fht the internal nodal reaction vector.
Here, B is the strain interpolation matrix, Cle and T F the elementary domain and load imposed boundary.
Stress and internal variable calculation
Now one has to calculate the stress tensor _d at loading increment n+l and interation i, and the ad tangent operator _C' = -. This will be done by using a classical implicit method detailled in the agl following part of the paper. The first step is to give an estimate of the elastic stress tensor _ofi + This estimate is given from the results of the previous convergent loading increment n, i.e. G ; . ' = (T~+c~:A_E,
1 with AE = BAu and se = K (I 0 I) + 2G (I1 --(I 0 I) ) (I is the second order unit tensor and I1 3 the fourth order unit tensor).
The correction step is performed only if the phase transformation is verified. Otherwise, this elastic stress is the real stress at step n+l. Let us now examine the correction step. The stress _on+ l is the solution of the problem at the end of the increment. It reads = -c~: A E~~.
Taking the norm of the deviatoric part of equation (19), one obtains the following scalar form of equation (19):
(20) The use of the appropriate equation of system (12) (forward and reverse phase transition) will give one non linear equation. The classical Newton's method gives the solution g,,+ l . One can easily determine the stress tensor at the end of increment n+l by using the following result
One has now to calculate the tangent operator related to the phase transition. Equation (19) 
where Vi(z) are related to austenite=>martensite (i=l) or martensite=>austenite (i=2) phase transition. Their expression are obtained from the consistency equations yi = 0, and they read :
RESULTS AND DISCUSSIONS
In this section some results for SMA structural components (tensile tests, beam bending) obtained by using the finite element method are compared with experimental responses. After validation of the implementation, an industrial biomedical application is presented.
Validation of the implementation
The figures l a and l b show the comparisons between finite element simulations and experiments in tensile tests performed on CuZnAl ( fig. la) and TiNi ( fig.lb) alloys. According to the construction of RL model, the finite element calculation gives the right approximation of the experimental data.
The validation of the implementation of the model at the integration point level can also be performed by making comparisons between experimental and numerical results on real structures. Thus we decide to perform some experimental bending tests on thin SMA plates. The thin plate has the following geometry : length 60 mm, width 17 mm, thickness 2 mm (figure 2). This allows us to consider that plane strain state is valid. The bending experiment performed on a CuZnAl alloy are displacement driven at the final section of the sample. Thus, we obtain a force-displacement curve at point A. In order to perform the numerical simulation, the thin plate is discretiwd by quadrangular elements and the applied load history is the same as the experimental one. Figures 3a and 3b show the results of the experimental and numerical tests. One can see that the numerical results are quite in agreement with experimental data. The load levels are respected. Only the width of hysteresis is smaller in numerical calculations than in experimental tests. One can give several explanations to this behavior. First, it is obvious that in the tests performed on a tensile machine, the driven displacement point moves slightly with the bending amplitude of the beam. Thus a problem of slip appears, which can be responsible for an increase of dissipation. This dissipation can be seen on the experimental curve through the area of the hysteresis loop. Second, one has to point out that the model which has been implemented is written in small strains, and that the finite element calculation is performed in the initial configuration. The case of figure 3b is obviously characteristic for large strains, which is not in agreement with our hypotheses. In order to solve the problem, one should perform actualization of the current configuration at each loading increment or, better, write the model in the frame of large strains. Nevertheless, the prediction of the finite element calculation is satisfying for reasonable bending displacements.
Application to a bronchial prothesis
A bronchial prothesis is a small device used in medicine when the diameter of patient's bronchire is diminishing due to a cancer, for example. Figure 4 shows a schematic view of this prothesis. It is made of curved thin plates of metals embedded in two sheets of silicon. So it looks like a splitted tube.
The prothesis is used as follows : it is rolled up on itself to a very small diameter, in order to be put up in a catheter. Then, the catheter is put in the human body and the prothesis is pushed out of it at the right place. The tube returns to its initial shape (large diameter) and applies a stress on the brochire in order to prevent it to shrink.
At the beginning of the prothesis' use, the metal reinforcements were made of elastic steel. The problem was that they were not enough flexible and the rolling caused some plastic deformation. Thus, the prothesis did not apply the right stress to the bronchire and hence could cause damage in the human body. So it has been decided to perform more adaptative prothesis with thin plates made of SMA TiNi used in pseudoelastic effect conditions. The advantage can be seen in figure lb. During the phase transformation, one obtains a great recoverable de formation (until 6%) with a small stress increase. This fact allows to roll the prothesis on itself to a very thin diameter and to recover its previous shape after insertion in the human body. The stress applied by the prothesis can be calculated by the finite element code POLYFORM [12] , in plane strain state. Figure 5 shows one half of the thin plate discretized by quadrangles for the initial shape (before being rolled) and the final shape (inside the human body). Figures 6 and 7 show the stress state ox, (MPa) 
S. CONCLUSIONS
Based on a three-dimensional material model for shape memory alloys with internal variable, the implementation of the constitutive equations describing the pseudoelastic behavior of SMA in a finite element computer code has been presented. Taking into account that the constitutive equations for the pseudoelastic behavior are formally of the same type as the constitutive equations for standard elastoplastic materials, a prediction-correction algorithm has been formulated that allows to compute the stress and internal variable state at the end of the loading increment. From comparison with experiment results it is shown that the model permits to compute the displacement, strains and stress in complex structural situations. An original biomedical application, the bronchial prothesis, has been successfully developed. The next step now in progress is to extend the material behavior model and its finite element implementation to any thermomechanical loadings.
